





























A study on the influence of crustal heterogeneity on 
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ƹci 5 ƚp 7 ƚtəǣķtûɐɄÂȳűÄīyvjƹ8n 9+9- ƒtŝĔjǾr
liɡhtǨſɠĦŖĖÿºɉûɐt©ɐ½ĮĀtĶ8ǡòsƥlnɠ9+9- ƒ= 	
S	, p8li¥8³jǑeBp=ÀůciɡBtŝĔagi 9+9- ƒtǨſ<dɠ
ȷûƏtûɐǁƷĀouɠ	, jïf 9+9- ƒ=Óȥcn8fÝǴō=ə?ɠ^




dfīŌÆĆÍ= -35¢oɠ9+9- = 	, jȤWfɕĀoǁƷcn8iɡm^eɠ
ż´ũt©ɐ½ĮuĽķt¥8ɕĀtđùjǑcn8fÝǴō=ə8Bp=i<liɡ







tǨſouə 9+9- ɕĀp¥ 9+9- ɕĀ= 	C( ¢oɌŜcn8fBp<dɠĽķ½
Įa	C( ǖķ¢tƚɂoŠd8o8fÝǴō=ə8pǱWdgfɡ
  
 ûɐƚzo}lscfûƇȭtŝĔouɠĶĀt 9+9- Ƈȭ=ŝĔÝǴouT
f=ɠ7 ƚtȕÛǣķ=ə?r8i`ɠBg^o 9+9- ƒtǪĜ³sm8nuȐǥrț
Ș=ǾignBr<liɡ^ iɠzo}lt½ȉǴusȈƧƮɄȧɏs®đef




ceɠȷûƏou 		, t¥ 9+9- ɕĀ=Óȥcn8fpǨȘ¡@iɡBt¥
9+9- ƒtÓȥuɠŮź¾ħjĿœcn8fǹĨĦtɀƲǧœtŁɓscfatpǱW

















































































(	©ɐĀsÓȥef¥ 9+9- ƒ )-
(



















































































































































































































 ɛʹȹ  ̈ɱȏz|uxzϫŮ̈ĵƽĀÞΗyvϭ
 ̋ ' ̈yϫɂɛľǓßƓ΁ȅƑϋ˝ː}zdňȽȂŊzȰȱǯǦηĕzϫ
pΊy°Ýyɛ˰̄ˢˠΔ°ϭ°ϫ˰ ̄ǂͼƑƗΤ±ˏ˔}vw
xΔxwϭ





 ̋ ) ̈yϫɠŒɂɛ—ɪäƩΨ}zdʜΨƑϋʚŎzǯǦßƓ΁ȅ}vwxΔ
ϭffyϫȽǎ°Áʅ}ƑϋĻǜlĊ̲ȸˏjϫϟĻ̻͟yʉ° H>H@
ğzǓǬÝΨƑʂɱȏǒˮzʛčηĕ}vwxɭ͢lϭ
 ̋  ̈yϫ̋ ( ̈z̋ ) ̈yǻ°̞ɤ˒wxϫƑʂĵßƓ΁ɱΙzȂŊzǯ
Ǧηĕ}vwxɭ͢jϫǓǬĵν}zdƑϋ˝ːÉ¹«È}vwx͸ʹlϭ
































































°ɲr|̞Ɏ˃ǒ^ɱȏh	PR ;@ZdLVT LYO ;ALcL '//	1 7YL;T PA
LW'//13ZVTPALW(		.ϭ̞Ɏ˃ǒʄǒʗǒØ˯ǒØʹǐǒ|{yvϭ̞
Ɏ˃ǒz{˃ˏϐ΃Ų #''	eI#.	eI ΃ŲȠtϫŒ} 	e/	eĦ
ȼjxw	˅ɛØýϫ(		ϭÜʖǖǝŚ̭}ʹǐǒʹǐ˱ǋǒ_ƣȏj°̨
͇ǒϙƥwƑƗ_vϫ^ǝzźxw	PR#LVL;B?L'/-'ϭ















































jxw_ϫŮȽǎ°Á}vwx ( vÐÖ¢	3 z 4ǅĮj°ϭv΍Ħȼ




















 ɛ˰̄yϫʋƷh°į˝ϋɷɱ͟ä^ϫĿŎɯȅ¶Ù°_ '	 ěĀÝyª
¦ğ_ 	/ ĀÝϫɓƦª¦y͟Ğ͖_ '	 ěĀÞ˝ϋɷɱ͟̖Ǧ͆w͟
zjxȦ˒j°ϭfį˝ϋɷɱ͟xt Ϩ}Ǳ°ϭɛ˰̄yʋƷh°˝
ϋɷɱ͟ĻǜƋ (M }˶lϭ°͖℃Ƌ 3' }Ƚǎ°Áʅ˝ϋɷɱ͟Ļǜ
˶lϭ͟ ɢɘζä 8YPA °Ô£įx˝ϋɷɱ͟ΕȽǎƕ}Ļϙh	Ƌ
(LϭÚȿϫɛ˰̄yʋƷh°ΕȽǎƕƑϋįč ,	Ϩ}Οamϫ)'Ϩɵm
Ƚǎƕ°ɻȽǎƕ}Ļϙh	Ƌ (,ϭƋ (, yϫƑϋÇ£¹²ÍÙ¸



















 Ƌ (. }˝ϋɷɱ͟ B ΍z F ΍Ļǜ˶lz{ B ΍ȿĊ 7I ^
I#I7E7 }F ΍ȿĊ #E ^ ##7EEI }σuxwϭʢǦç}ϫ˰̄ϔƗŒ
͘Ψy ),V;ϫŚΨy '	V;ϫŒɠΨy '	'(V; }Ļǜjxwϭ
 ÐÖ¢ 3 z 4 âȿŴȽǎ°ÁʅʢǦĻǜƋ (/ }ϫ°pqʢǦĻ
ǜäƩğzǡƓğ͔ (' }˶lϭ°ϫf͔}ŮǡƓğɳʮͮǚz /Ϩ
ęϖŔζ˶j°ϭf̞ɤ^ϫäƩğǡƓğϫɻȽǎƕ_Ú˙ʜbϫva
}ΕȽǎƕz|uxwxϫɵmȽǎƕ_Ú˙ʢwfz_Ļ^ϭɛ˰̄yϫmȽ




z|ϫIPWNS  A ɭƷ̞ɤ^ɕȉ|ǚz͠y|wϭ

















Ļǜ	Ƌ('	 ŭ}zwxϫ¶Ù°_Ʀ`bȘdxwx}͚y̍ȑ_ ( ̍ȑv
ϭf}vwxϫǡƓğĻǜz˚|ϫäƩğƸς}ưƐl͝ʪğ^Ȝ






ϭffyϫ¶Ù°}Ȓŋym MTY Ļd̑Ɗ 	' }ͥƷj°ȿ_^l
wzŀȽj°°ϫƋ ('	 Ƌ˶j°ϭ


































mȽǎƕƑϋâȿyɠ͘ȿŲ B ΍_ŘΆjxwzwx͝ʪñƸ	Ƌ (M z
(.zÚ̈́lϭ
 ɛ˰̄yh}ϫŒ͘Ψ	3?PL'ϫŒɠΨ	3?PL(ŚΨ	3?PL)}͟ɢϔƗ
ĻŉjxȂŊÖ»Ù©ÏÖ͑|u°ϩƋ('(Ϫϭp̞ɤϫ3?PL' z 3?PL) y
ϫzzpįƗ̞ɤ	Ƌ(''zűɲ}ϫʢh̘ ,V; ʜΨyɠ͘Ə̰ɵ
mȽǎƕyϫʢΨyΕȽǎƕĦŲ˶lfz_^u°ϭÚȿϫ3?PL( yǻ
°ȂŊƜΕȽǎƕ}Γw_ϫȂŊʆ D  	 ÞƆĦŲ}vϫýϔƗzǇ





























































(>? = @AB   ϩ2.2Ϫ, 

z͔hϭffyϫ@ƿǦϫAέŊŋΘǦϫBʢhyvϭ̌ȿØƓ΁ǰȅč






HI = 	 1J (I − 	K (F + (>	 = 0   ϩ2.3Ϫ ∴ 	(I = 	K (F + (>	         ϩ2.4Ϫ 
HF = 	 1J (F − 	K (I + (>	 = 0   ϩ2.5Ϫ ∴ 	(F = 	K (I + (>	         ϩ2.6Ϫ 




ɘǸh°ϫǪ (2.4) z (2.6) ^ϫέŊ}΄ƇlʈǡçȂŊϫ
 
(I? = (F? = K1 − K (>?   ϩ2.8Ϫ	 
 
z|ϭ 








xwϭĳčˠ}ʈǡȿŲ}−RΔQ±dɽyz HI = HF = −RΔQϫÝÞȿŲȂ
Ŋ_­Ô (> = 0Ɯů}ˤǱlϭfz`ϫçȂŊzçɽηĕ

HI = −RΔQ = 	 1J ((I − 	K(F)   ϩ2.9Ϫ 
 

HF = −RΔQ = 	 1J ((F − 	K(I)   ϩ2.10Ϫ H> = − KJ ((I + (F)   ϩ2.11Ϫ 
 
z|ϭʈǡȿŲǂ˼ȅ̷yzϫǪ (2.9) z (2.10) ϫ 
 
(I = − J1 − K RΔQ = (F   ϩ2.12Ϫ 
 
Ǫ (2.12) Ǫ (2.11) }ÿĮlzϫ 
 









fϫʢh '	V; ƑʽzƑ͔ζyWQ ≅ 300	KʩǦǚ_vfzȉŹlϭĴƕˠ
|ğzjxϫ@ = 3×10[	kg/m[ϫA = 9.8	m/s`ϫB = 10	kmϫK = 0.25ϫR = 1×10ab	Kacϫ
z J = 50	GPazāƷlzϫʢh 10 km }zwxϫ(>? = 294	MPaϫ(I? = (F? =98	MPaϫ(IV = (FV = 200	MPaz|ϫ·Ù°ÒyΰˣȂŊ(> = (>? = 294	MPaϫʈǡ
ȂŊ (I = (F = (I? + (IV = 298	MPaz̎͡hϭj°_uxϫĴƕˠ|ƑˁŐΪ
ɕlϔƗ}zwxʈǡɽ_­ÔyvϫΰˣȂŊzʈǡȂŊ_{t̘ )		
"BL z|ϫώǒƏˈȋΠȏlfz_y`ϭ








 ā}ŸƊώǒƏˈȋyϫŻɺǐƑƗÝΨ '	V; ǡƓj°Ə̰ȂŊ_̀Ǯ}ƾà
l	l|t V; ʢh}zwxʈǡȂŊŸƊz»ÐÖª_ŧxwzāƷ
lzϫʈǡȂŊϫ	V; ʢh}zwxƔˣȂŊ 	"BL ǆhb	ʈǡǫǮϫ
















































˶jxw	Ƌ(''MSϭp}^^mϫɵmȽǎƕƑϋϫƋ (/  ('	
}˶lx}ϫɓʢwΨĻy˝ːlĦŲ}vϭ
 Ƌ (( }˶lx}ϫŻɺǐƑƗŚΨƑϋ˻˂ǝƅÛŕǝ΃Ų}ǡ͑}̩
ˈ}Ļǜjxwϭ( vƑ΁ǝƞ˗ǲȏlüĩɱΙ̩Ÿ}ϫˇ}ƿ|̩





x 7#7IEI ΃Ųyΰˣ}ΓwȽǎ_ưƐlz̷yϫpϫɛ˰̄ FP?LVLaL
LYO"LA@BB?Lϩ(	'	Ϫ_ȩƷj°ɓƦƏ̰ȂŊȿŲzȼölϭ
 fɁưȽǎϐ_vϫpfʾĥ|ǒˮzpbǭwz̷yϭ
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ÛÎa_§ EIfƼœǫü} )NP kŲtŤiÛÎa_§ -.ibhd

































































 '// ǢĀιϫ—ɪäƩΨ}zdƑϋʚŎϫ'//, ǢƺƖ˦ϠϛþΓ}zwx˝ː
j°ŒŒ͘ϬŚŚɠ΃ŲyɠĦȼΕȽǎ}ä͛ɴƑϋϫpŒɠĢyŒŒɠϬ
ŚŚ͘΃Ųy͘ĦȼΕȽǎ} (		. ǢǒȒØƺƖĵνƑϋϫpjxϫÁÓÙ·ƞ
˗y (	'' ǢɠŒƑȿƧǡʙʎƑϋϫ ) vÂÖ·ǴϑǯbŨdxwϭˇ





















































































































 (		. ǢǒȒØƺƖĵνƑϋůűĎϋ͝ʪɛϋ˝ː^̘ ( ×ɔ͝ʪɘζzjx
wϭp°ϫɛ̐yĐ˒l¶Ù°ɘζ AVLOLPALW	(	'(¶Ù°_ư






 Ƚǎ°ÁĻϙlς}ϫmĿ}ϫ̋ ( ̈y͟ɢzűɲ}Ƌ() Ü͞±
£ÐÈ˒wxɻȽǎƕ 3 z 4ϫΕȽǎƕ 3 z 4ϫɵmȽǎƕ 3 z 4ϫpýϫ















 Ƚǎ°ÁŁ˝ϋɷɱ͟ĻǜǡϐƋƋ) zƋ) }ϫȽϐƋƋ), }
˶lϭƋ) ^ϫɠ͘Ə̰ΕȽǎƕɵmȽǎƕƑϋ_ĎϋƦƥȷŞ
























































	(		-Ȓʕ˒wx H>H@ ȩƷ͑xϭɛȒʕϫ( vϋʭζΈψ_ϋʭz
͝ʪʽζΈψ}ǂjxŕĻ}ǆhwƜů}ϫB ʖz E ʖpq}vwxÂÖ·
ζŃ˨ɉŅǚ˒wxϫϋʭƗ}zd H>H@ ğ̖ǦbʉȒʕyvϭ




δQij = Qi`j − Qicj = hmijni    ϩ3.1Ϫ
 
δQkj = Qkj` − Qkcj = hmkjnk    ϩ3.2Ϫ

ffyδm	ʖ̩̝ΉòvÂÖ·ζǚ͔lϭB ʖz E ʖʖ̩̝Ή_Ú̈́j
xwƜů}ϫ

hmij = hmkj   ϩ3.3Ϫ

z|ϭH>H@ _Ɯȑ}ux˚|uxwƜůϫB ʖz E ʖʖ̩̝Ήšƿ}˚






 nink = δQkjδQij    ϩ3.4Ϫ

Ǫ	)^ϫŮ͝ʪʽ}zwx B ʖz E ʖ ( vÂÖ·ζ΃ɉǚ_^
ǉȑˠ| H>H@ _^ϭj^jϫ΃ɉ TȩƷğyvʪƷğy|wyϫÿ
}ϫʪƷğyvŃ˨ɉŅ tĐ˒lƜů̷yϭÂÖ· ' z ( ϋʭɉopc	
zop`zj°ƜůϫϋʭɉǚδopǪ	)y͔lfz_y`ϭ

δop = op` − opc   ϩ3.5Ϫ

͝ʪʽ i}zdÂÖ· 'z ( BʖŃ˨ɉŅǪ	),z	)-y͔lfz_
y`ϭ

oicj = opc + Qicj    ϩ3.6Ϫ
oi`j = op` + Qi`j    ϩ3.7Ϫ

 
( vÂÖ·͝ʪʽ i}zd B ʖŃ˨ɉŅǚhoij

hoij = oi`j − oicj = op` + Qi`j − opc + Qicj = op` − opc + Qi`j − Qicj  ϩ3.8Ϫ

y͔lfz_y`ϫǪ	)'	)	).^ϫB ʖ͝ʪʽ i}zd ( vÂ
Ö·ζŃ˨ɉŅǚ

hoijϴδop + δQij   ϩ3.9Ϫ
∴ 	δQijϴhoij − δop   ϩ3.10Ϫ

z|ϭűɲ} E ʖ͝ʪʽ i}zd ( vŃ˨ɉŅǚ

hokjϴδop + δQkj   ϩ3.11Ϫ




 nink = hokj − δophoij − δop    ϩ3.13Ϫ

vϫɲr|͝ʪʽy B ʖz E ʖâȿ}vwxϫ( vÂÖ·ζŃ˨ɉŅǚ_



















Ƈz|ϫp̞ɤϫǻ° H>H@ ͮǚƦ`bjxjxϭp°ϫH>H@ 
Ħ`ʉς}ϫƤğ	ZBAWTP?μŢ͑xȀ͙_vϫ°ǻ°̞ɤ
ͮǚȩƷ͑xfzέ͙z|ϭ









wfz}|ϫ̞ ɤęϖȅ_ϟwzȩƷhϭŮǆϔƗ}vwx H>H@ ȩƷğ
ÀÙ·ª·Ð³Áɳɛ '		 ěʉfz}ϫH>H@ ȩƷğɳʮͮǚ̎͡jϫ




ʇͼǤÚīő°Ô£ͣΐ ',))( ě	ɘζ (		.,'(		/,'Ƒϋǂͼ}
ϋƩζΈψ_ 'V; ɚʬÂÖ·Ã}vwxϫŮ͝ʪʽyʖǲˤóˤη̎͡
jϫɓƦˤηĕȷz`Ð£°È^Ń˨ɉŅǚʉϭ°±jϫɓƦˤηĕȷ
_ 	. ɚʬz`¶Ù°zjxȦ˒j|^u°ϭp̞ɤϫ')'( ě B ʖz E
ʖŃΠɉŅǚ¶Ù°_ǻ°ϭ°ϫ'		:d §ÖÁÑÖ£ʖǲ ( ɹηȷyĵ
ȥlfz}ϫʖǲˤηĻ̻͟''			 ˺yϟxw	ESPWWcPALW
(	')ϭ
 H>H@ ʉ͟ɢǆϔƗƦ`hϫ'V;g'V;g'V; yvϫįΨy





 ͟ɢ͑u° )),, ϔƗĵϫÝͣɞĂy̖Ǧb H>H@ _ȩƷh°zŀȽh
° ''( ϔƗyvu°	H>H@ ȩƷěrÁÔ³·͖℃Ƌ 3( ţˀϭįϔ
Ɨ}zd H>H@ ǡƓğ ',) yvϫpϕǦĻǜƋ )/ }˶lϭƋ )/ ϕ
ǦĻǜ^ϫɛƑƗ H>H@ ğƦŗ 'u'- ğ˶lfz_^ϭͲɥƑƗ
}zd H>H@ ğ̞ɤƋ)'	 }˶lϭ
 Ƌ)'	 y 'V;g'V;g'V; ϔƗ H>H@ ğ˶jxwϭƅ͞
§« 'V;g'V; }ǂȂjxwϭʢhȿŲ} 	(u'-V;'-u
)(V;)(u-V;-u,(V;,(u--V;--u/(V; ʢǦ̑Ɗ
 H>H@ ʆȩƷjxwϭ	(V; ʜΨyƑϋ_˝ːjxw|w°ϫ
͟ɢ̑Ɗ^μƤlϭĀÞyfŮʢǦ̑ƊäǿʢǦyvϫ'	(
	-	.V; ÿ͔ğzjxĐ˒lϭƋ)'' }ŮʢǦ}zwxȩƷh
° H>H@ ʆϕǦĻǜ˶lϭƋ )'	 }˶j° H>H@ ʆȩƷ̞ɤ}vwxϫʢǦʅ
}ĀÞyͪjbͯɅlϭ
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